Abstract: Inflation may provide unique insight into the physics at the highest available energy scales that cannot be replicated in any realistic terrestrial experiment. Features in the primordial power spectrum are generically predicted in a wide class of models of inflation and its alternatives, and are observationally one of the most overlooked channels for finding evidence for non-minimal inflationary models. Constraints from observations of the cosmic microwave background cover the widest range of feature frequencies, but the most sensitive constraints will come from future large-scale structure surveys that can measure the largest number of linear and quasi-linear modes.
Introduction
The standard cosmological model has proven to be incredibly successful and has been confirmed repeatedly over several generations of improving cosmic microwave background (CMB) and largescale structure (LSS) experiments. A crucial part of this model are the initial seed fluctuations which are Gaussian with a nearly scale-invariant power spectrum. While these are generic predictions of inflation, current data does not point to a specific mechanism. More complex models of inflation can imprint features in the primordial spectra (see e.g. [1, 2] for reviews) which, if found, would be a groundbreaking discovery that would open an entirely new window into the primordial universe. This science white paper argues that such features are generic in many classes of models of inflation and its alternatives, and are worth a dedicated effort to find them. We therefore argue for support of a new generation of experiments surveying both the CMB and the LSS, with the goal of maximizing the range in spatial scales and the total number of accessible linear and quasi-linear modes.
Motivation and Theoretical Overview
All structure in the universe originated from the dynamics of fields in the very early universe, prior to the moment when the Standard Model particles thermalized. During this era, density fluctuations were spontaneously created from the fluctuations of one or many degrees of freedom that were relevant at that time. Single-field slow-roll inflation is one such possibility that is currently consistent with observations. In this case, the exponential expansion of the universe is responsible for converting vacuum fluctuations of the inflaton into macroscopic classical density perturbations.
The space of inflationary models (and their alternatives) is vast and includes a number of scenarios where the dynamics that give rise to the primordial density fluctuations are more complicated than in single-field inflation. The early universe would have involved many degrees of freedom with complicated interactions, leading to a variety of non-adiabatic or even classical production mechanisms. These dynamics can also give rise to an excited state for the degrees of freedom and significantly alter the description of this era in cosmic history. Any of these effects may leave a residual sharp feature in the initial conditions of the hot big bang.
Broadly speaking, features in the primordial spectra are rooted in one of the most fundamental challenges in inflationary model building: creating a flat potential or, more generally, making the slow-roll parameters small. While one can arrive at such a model by introducing a new symmetry, these very symmetries are known to be broken in a theory of quantum gravity. While such effects are known to be irrelevant for earthly phenomena, inflation is famously sensitive to them (see e.g. [3, 4] ). Models which avoid the most drastic effects of quantum gravity can still have relics of this basic tension in various sub-leading violations of scale invariance in the form of features. Detecting such features would provide a unique insight into the physics of the primordial universe. In addition, it could provide evidence for particular models of inflation or one of its alternatives, or identify the existence of new particles and forces in the early universe.
For the purpose of observations, primordial features are characterized by density perturbations that contain some small components that significantly depart from scale invariance. These signatures arise in broad classes of models, including both inflation and its alternatives. There are several general types of feature models which we classify according to their underlying generation mechanisms and illustrate in the left panel of Fig. 1: • Resonant feature (oscillations in log k). The background evolution in this class of models oscillates around the attractor solution with a frequency that is larger than the horizon scale. Figure 1 : Left: Schematic illustration of the dimensionless power spectrum of primordial curvature fluctuations, P(k). The almost scale-invariant (inflationary) power spectrum consistent with current CMB data (n s = 0.965) [5] is displayed together with three different types of models: sharp and resonant features imprint additional oscillations which are linear and logarithmic in the wavenumber, whereas localized features only depart from the power-law behavior around a distinct wavenumber.
For comparison, we also show the Harrison-Zel'dovich (HZ) spectrum, which is perfectly scale invariant and corresponds to an infinitely slowly-rolling scalar field. Right: Forecasted sensitivity for the "feature spectrometer" (adapted from [6] ). The potential reach of various CMB (dotted) and LSS (solid) surveys to constrain the amplitude of linear features, A lin , is presented as a function of their frequency ω lin (for the φ lin = π/2 mode). The modeling of the galaxy power spectrum and the experimental specifications are essentially the same as in [7] , with cosmic variance-limited (CVL) observations of the CMB up to T max = 3000 and P max = 5000, and of LSS up to z max = 6 and k max = 0.75 h Mpc −1 . The LSS forecasts with ω lin 100 Mpc should be treated cautiously since these low frequencies are more sensitive to the details of signal modeling. We refer to [6] for details.
This background oscillation resonates with the quantum modes of the density perturbations and generates a scale-dependent oscillatory component in the density perturbations [8] . A well-known example is the axion monodromy model in the inflationary scenario [9, 10] , in which case the phase of the resonant feature as a function of the wavenumber k behaves as cos (Ω log(2k) + φ ), where Ω and φ are constants.
• Sharp feature (oscillations in k). Models in this class temporarily deviate from the attractor solution at some point during their evolution [11] . The deviation can have a variety of physical origins and is generally referred to as a sharp feature [11] [12] [13] [14] [15] [16] [17] . This type of feature induces an oscillatory component in the primordial power spectrum whose phase as a function of k behaves as cos(2k/k f + φ ), where k f and φ are approximately constants. This model-independent sinusoidal running has a highly model-dependent envelop. We note that there is no a-priori reason to assume a single sharp feature since a periodic [18] or random [19] [20] [21] distribution of features may also be generic. Having said that, in most cases, one can equivalently treat the features as a sum of oscillations or local structures in k. In some special cases, the first bump or dip of the sharp feature signal is much more significant than the rest of the oscillations [22, 23] and a template with such a distinct signature in the primordial spectra may be more practical.
• Primordial Standard Clocks. Massive fields in the primordial universe oscillate either classically [24, 25] or quantum mechanically [26, 27] . These oscillations work as standard clocks and imprint clock signals in the density perturbations. The phase of this oscillatory signal as a function of wavenumber directly records the scale factor of the universe as a function of time, a(t) [24] [25] [26] [27] . Since this function is the defining property, a measurement would provide direct evidence for such a scenario of the primordial universe, whether it is inflation or one of its alternatives. All these types of features in the power spectrum have correlated signals in non-Gaussianities, i.e. higher-point statistics, which can be used as further supportive evidence [8, [28] [29] [30] [31] [32] [33] .
The physics responsible for these scenarios is often deeply tied to the fundamental origin of the respective model. Let us illustrate this with the first class of examples. Axion fields are appealing inflaton candidates because of their underlying shift symmetry in field space. In string theory, or in the presence of multiple interacting axions, this discrete shift symmetry is generically broken, leading to a field range larger than the period of the underlying axion potential. Under these conditions, the small underlying axion period imprints oscillatory features in the power spectrum and higher-order statistics of the scalar perturbations. The amplitude and precise shape of these features is model-dependent; its period may drift with time during inflation, for instance, which requires careful analyses [34] . If the inflaton couples to other degrees of freedom, those may be periodically produced at a mass scale µ up to the scale of the inflaton kinetic energy density, µ 2 ∼φ . This represents a reach of observations to a scale higher than the inflationary Hubble scale [35] . From specific examples like these, which are interesting in their own right, we can extract broader lessons for low-energy effective field theory and data analysis.
In the most general case, features represent any component that modulates a smooth "background" given by a near power-law power spectrum produced by slow-roll, P 0 (k) = A s (k/k * ) n s −1 , with scalar amplitude A s , scalar spectral index n s and pivot scale k * . Some of these models are localized in Fourier space, e.g. those generated by kinks or other local features in the inflationary potential, others oscillate with a sufficiently high frequency to be distinguishable from the smooth component. As discussed above, two archetype models are linear oscillations,
which modulate the minimal slow-roll power-law spectrum by a sinusoidal fluctuation with a certain relative amplitude A lin , frequency ω lin and phase φ lin , and logarithmic oscillations,
with the same three parameters. However, the details can vary significantly: possible runnings of the frequency [34] , locality of the feature [11] [12] [13] [14] [15] [16] 36] , and features which mix properties of the sharp and resonant scenarios [25, 32] are possibilities within the vast landscape of models. Various approaches exist in the literature for reconstructing the primordial power spectrum (e.g. [37] [38] [39] [40] ). For models with well-specified functional forms, including the logarithmic and linear oscillations, these additional features are typically incorporated directly into a typical power spectrum analysis. In the case of axion monodromy inflation, for instance, a slow drifting of the frequency and phase of the logarithmic oscillations is expected and can be included in the analysis. In the absence of a model, linear oscillations can be a useful basis in which to look for features, as these oscillations form an orthogonal basis of functions on a given range of wavenumbers, much like a time-series analysis problem. Furthermore, numerous non-parametric reconstruction techniques of the primordial power spectrum have also been developed, including penalized likelihood reconstruction [5, [41] [42] [43] , Bayesian reconstruction [5, [42] [43] [44] [45] [46] , cubic spline reconstruction [5, 42, 43] , Richardson-Lucy reconstruction [47, 48] , generalised slow-roll methods [49] [50] [51] and principle component analysis [52] [53] [54] .
Current and Future Observational Trends
Any features in the primordial power spectrum will result in features in all observables that are sensitive to fluctuations in the universe. Employing different observables is useful since they probe complementary scales and have different advantages.
Cosmic Microwave Background anisotropies are the cornerstone of most cosmological analyses, including the search for features. The advantages of the CMB are that (i) it probes the largest accessible scales, (ii) the physics is entirely linear and, therefore, under complete theoretical control, and (iii) it is extremely well measured. The main disadvantages are that projection and transfer-function effects, i.e. the linear transformation between the primordial power spectrum and the observed spherical power spectrum C , can smear high-frequency oscillations. Moreover, the temperature power spectrum has been measured to the cosmic variance limit up to ∼ 1600 [55] and the future will therefore only bring relatively incremental improvements (factors of a few at most) as the measurements in the polarization signal become cosmic variance-limited (see e.g. [6, 46, 56, 57] ).
Current searches in the CMB have not found any significant detection (cf. e.g. [5, 43, [58] [59] [60] [61] [62] [63] [64] [65] [66] ), not even in combined analyses of the power spectrum and bispectrum [5, [66] [67] [68] , restricting the feature amplitudes to the percent level relative to the scalar amplitude A s . The application of the previously mentioned reconstruction techniques to CMB data also points to a featureless power spectrum over the accessible range of scales and within current error bars [5, 42, 43, 53, 54, [69] [70] [71] [72] . Having said that, there are a couple of interesting candidates of marginal statistical significance [5, 43] . These include the dip in power in the temperature power spectrum around multipoles of ∼ 20 − 40 and another oscillatory feature around ∼ 700 − 800. Future polarization data will be able to reduce the error bar by a factor of two for the mentioned low-feature candidate [73] .
Optical Galaxy Surveys are the current frontier in the search for oscillations and are expected to improve the constraints significantly (cf. [6, 23, [74] [75] [76] [77] [78] for forecasts). Spectroscopic galaxy surveys can probe very large volumes and have a full three-dimensional sampling of the underlying density field, which means that the maximum oscillation frequency is limited entirely by the volume of the survey -the bigger the survey, the smaller the fundamental frequency and, consequently, the higher the maximal ω lin that can be constrained. The biggest drawback is that the usable range of scales is limited to those that remain in the linear and weakly non-linear regime. Having said that, non-linear corrections still have to be correctly accounted for [6, 79] . We however do not need to model the full shape of the power spectrum, but only the oscillatory part, which makes it a somewhat easier problem than the full non-linear treatment of biased tracers.
The current best limits inferred from galaxy clustering data of the Baryon Oscillation Spectroscopic Survey (BOSS) alone are competitive with those derived from current Planck CMB data for the accessible range of feature frequencies [6] and will improve by orders of magnitude with future surveys. (It is of course natural to combine CMB and LSS data in the feature search which has in particular been explored in [6, [80] [81] [82] .) In photometric surveys, the large radial kernels for weak lensing and galaxies with photometric errors smear the signal on most scales. On the largest scales probed by these surveys, they can however remain competitive due to the raw number of objects which can be several orders of magnitude larger than what can currently be achieved in spectroscopic surveys. We also note that LSST-and Euclid-like experiments will be able to reduce the error bar by a factor of five for the mentioned high-candidate in the CMB [74, 75] .
Future 21 cm Surveys, which operate at high redshifts, such as the recently proposed Stage II experiment [83] , hold the promise to improve the constraints by another few orders of magnitude [84, 85] . In particular, there is three times more comoving volume available in the redshift range z = 2−6 compared to z < 2. More importantly, the universe is more linear and the tracer less biased, which allows an increase by a factor of about two in the maximum wavenumber used to search for these features.
Spectral Distortions of the CMB black body spectrum provide an entirely complementary window on the primordial power spectrum and small-scale features since they are uniquely sensitive to the primordial amplitude at scales of k (1 − 10 4 ) Mpc −1 (cf. e.g. [2, 22] ). An experiment like PIXIE [86] or PRISM [87] could set interesting constraints on departures from a featureless primordial power spectrum in this range which is inaccessible in the CMB and challenging to reliably observe in LSS.
As discussed above, the sensitivity to a general feature model is difficult to forecast since different models lead to different fiducial templates. One possibility to simultaneously visualize constraints from various probes and models is to imagine a feature spectrometer, i.e. considering the sensitivity to a linear feature model and decomposing any other feature into a sum of linear oscillations. We note that this picture has limitations, particularly for features localized in k-space, since the feature templates are not random fields, but instead have well-defined shapes (or phase relations in decomposition). With this caveat in mind, we show forecasts for linear features in the right panel of Fig. 1 which demonstrates a beautiful synergy between CMB and LSS experiments. LSS observations have a smaller dynamical range in the feature frequency ω lin for two reasons: the largest available scales in real space are intrinsically smaller since a comoving scale per radian is considerably larger at the surface of last scattering, and the range of scales available from the fundamental mode to the onset of non-linear evolution is also smaller. On the other hand, over the range of scales in which both observational probes are sensitive, LSS surveys are appreciably more sensitive which is a direct result of a three-dimensional, rather than two-dimensional sampling of the density fluctuations.
Conclusions
The main take-home points of this white paper are as follows:
• In theoretical attempts to connect the inflationary modeling to fundamental physics, departures from the minimal power-law power spectrum of initial fluctuations are ubiquitous.
• Given the lack of our understanding of fundamental physics, there are no useful priors on the scale or amplitude of these features. We should therefore consider as much of parameter space that is amenable for cosmological searches.
• The CMB will dominate the sensitivity for the largest feature frequencies, while LSS surveys will keep improving the sensitivity elsewhere. The total survey volume, which determines the largest available scale, and the total number of linear and quasi-linear modes that preserve the primordial information are very good proxies for the survey sensitivity of such searches.
